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Abstract—As part of an ongoing effort to characterize the contin-
uum mechanics during cryopreservation via vitrification (vitreous
in Latin means glass), the current study focuses on measuring the
thermal expansion of cryoprotective agents in the presence and
absence of biological samples of bovine muscle and goat arter-
ies. The cryoprotectants under investigation are 7.05M DMSO,
DP6, and VS55, with permeation time of up to 48 h. This study
focuses on the upper part of the cryogenic temperature range,
where the cryoprotectant behaves like a liquid in all practical
applications. The specific lower boundary of this range is unique
to the cryoprotectant composition and to the applied cooling rate.
The measurement device used in the current study is a modifi-
cation of a prototype presented recently, in which modifications
are made to accommodate biological samples. Based on thermal
strain observations, it is concluded that the presence of tissue sam-
ples promotes crystallization (the tissue samples serve as potential
nucleation sites). It is shown in this study that the thermal strain
of tissue samples permeated with 7.05M DMSO and DP6 is no
greater than the thermal expansion of the same cryoprotectants in
the absence of tissue samples, and in some cases it is significantly
less. For a given cryoprotectant in comparable thermal conditions,
experiments on bovine muscle samples show significantly higher
scattered data than experiments on artery samples.

Keywords—Cryopreservation, Thermal expansion, Bovine mus-
cle, Blood vessels, DMSO, DP6, VS55.

INTRODUCTION

Many mechanisms of injury are known to be involved
in the process of cryopreservation of biological materials,
most of which are associated with the formation of ice
crystals. Plausible explanations have been offered for why
ice crystals damage biological cells at the various regimes
of ice crystal formation, but the outcome of crystallization
is essentially the same—the extremely high certainty of
cell death.” 271426 Cryopreservation techniques are typi-
cally focused on controlling, and ideally eliminating ice
formation, frequently by introducing cryoprotective agents
(or cryoprotectants) into the biomaterials.
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Classical cryopreservation using relatively low con-
centrations of cryoprotectants, such as dimethyl sulfox-
ide (DMSO - one of the most commonly used cryopro-
tectants), have been shown to conserve many important
properties of biological tissues — vascular allografts being
a good example. However, the techniques developed for
freezing vascular allografts are not reliable.!!! Fractures
have been observed in cryopreserved arteries,” and similar
observations have been made in recent studies of human
arteries. In cryopreserved human internal mammary arter-
ies and femoral arteries, both smooth muscle functions and
endothelial functions were poorly-preserved. '3

Classical cryopreservation, with low concentrations
DMSO, does a reasonable job of cell preservation by pre-
venting intracellular ice formation; but it is a very poor
method for preserving tissue. Even when all major cryop-
reservation variables are controlled, there is a limit, largely
a function of tissue volume and geometry, beyond which
traditional cryopreservation methods do not work consis-
tently. There have been several hypotheses on the mecha-
nisms of freezing-induced injury based upon a variety of
factors,®? but it has been discovered that the disadvantages
of traditional cryopreservation revolve primarily around ice
formation.'2~14.26

Vitrification is an alternative to conventional freezing of
living biological materials (vitreous in Latin means glass).
Here, ice formation is completely prevented due to the
presence of high cryoprotectant concentrations that inter-
act strongly with water. No appreciable degradation occurs
over time in living matter trapped within a vitreous ma-
trix, and vitrification is potentially applicable to all biologi-
cal systems.?™> Vitrification is a relatively well understood
physical process, but its application to the preservation of
biological systems is not without problems, since the high
cryoprotectant concentration necessary to facilitate vitrifi-
cation is potentially toxic. To limit the effects of toxicity,
it is necessary to use the least toxic cryoprotectant and
the minimum concentration that permits glass formation
(at cooling rates that are practical for bulky mammalian
tissues).>™*2* While vitrification prevents the hazardous
effect of ice formation, new potential mechanisms of injury
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associated with the amorphous state have been identified
and must be studied as an essential component of develop-
ing methods of cryopreservation for multi-cellular tissues.
These mechanisms are related to the mechanical stress as-
sociated with the thermal expansion of the material, known
as “thermomechanical stress”.12:15-27 Thermomechanical
stress is known to cause fractures during cryopreservation.

Mechanical stress in a material is related to pressure; it
is the force per unit area that pulls the material apart (ten-
sile stress), or presses it together (compressive stress). The
magnitude of stress is related to the deformation of that ma-
terial. Engineers define deformation, or strain, as the change
in geometric size relative to the initial size. Changes in size
are often much smaller than the size itself, as is the case in
cryopreservation. Any material which is unrestrained will
undergo a change in size (thermal strain), when subjected
to a change in temperature. Materials in general-and tis-
sues as they are cryopreserved in particular—shrink when
they are brought from physiological temperature down to
cryogenic temperatures (typically in the order of 0.01% per
degree Celsius). The dependency of this thermal strain on
temperature is largely unexplored. The main objective of
the current study is to measure the thermal strain when no
external forces are acting on the material.

The ratio of the change in volume, as a result of a tem-
perature change, to the initial volume, is defined as the
“volumetric thermal strain.” The “linear thermal strain” is
a relative property, which is defined as one-third of the vol-
umetric thermal strain (for simplicity, linear thermal strain
and thermal strain are synonymous in this text). The term
“linear thermal expansion coefficient” is an absolute ther-
mophysical property, which is defined as the rate of change
of the linear thermal strain with temperature (for simplicity,
linear thermal expansion coefficient and thermal expansion
are synonymous in this text).

As tissues are cryopreserved, they are externally free to
strain. In practice however, it is impossible to cool a tissue
of practical size uniformly; the outside surface decreases
in temperature more rapidly than the inside. Each layer of
tissue tends to shrink according to its local temperature,
which would require that the outside tissue layers overlap
the inner layers. This cannot be tolerated; therefore stresses
and additional strains beyond the thermal strains, arise to
make the shrinkages compatible. The outside of the tissue is
forced to shrink less and the inside to shrink more. The level
of stresses that must arise to accommodate the differential
shrinkage depends upon the stiffness and relaxation of the
material. If these stresses are too severe, they can poten-
tially produce fractures, as has been frequently observed
in cryopreservation of bulky specimens. There are meth-
ods for predicting the stresses that arise due to nonuniform
changes in temperature. These methods combine mathe-
matical analysis with data that captures (1) the thermal
strain due to uniform temperature changes, and (2) the
time-dependent response of stress-to-strain as a function

of temperature. Prior studies of stress development did not
address realistic or optimized cryopreservation conditions
in which cryoprotective agents promote vitrification. The
development of such mathematical methods for cryopreser-
vation applications is the subject matter of parallel efforts
by this research group.'>17:18:20 Stress development dur-
ing vitrification is completely unexplored, although some
phenomenological reports are available.®

As part of an ongoing effort to characterize the mechan-
ical behavior of biological tissues and solutions at cryo-
genic temperatures, the current study focuses on thermal
expansion measurements of tissue samples permeated with
cryoprotectants. The thermal strain has been measured by
Plitz and Rabin!® to determine the thermal expansion of
pure cryoprotectants, using an apparatus first presented by
Rabin and Bell?!"?? and recently modified for thermal ex-
pansion measurements of tissue specimens permeated with
cryoprotectants. The current study is focused on specimens
permeated with high concentration of DMSO, and the cry-
oprotectant cocktails DP6 and VS55, which are of great in-
terest in cryopreservation applications.?? The current study
is focused on the upper part of the cryogenic temperature
range, where the vitrified material behaves like liquid for
all practical purposes, where parallel efforts by this re-
search group are devoted to studying thermal expansion at
the lower part of the cryogenic temperature range, where
the vitrified material behaves practically like solid. The
boundary between the upper part and the lower part of the
cryogenic temperature range is unique to the cryoprotectant
composition and to the applied cooling rate. The interpre-
tation of this boundary, based on experimental results, is
further discussed in this paper.

EXPERIMENTAL SYSTEM

A prototype of the apparatus for thermal expansion mea-
surements used in the current study has been developed by
Rabin and Bell.?! This apparatus has been modified for
the purpose of the current study, in order to accommodate
tissue samples (Fig. 1). In broad terms, the experimental ap-
paratus comprises an elongated enclosure, simultaneously
containing a cryoprotectant and tissue samples at a cryo-
genic temperature, and air at room temperature. The part
of this enclosure which contains the tissue samples at cryo-
genic temperatures is the cooling chamber. The part of the
enclosure which contains air, and kept at room temperature,
is the pressure tube (Tube A in Fig. 1). The pressure tube
and the cooling chamber are connected through a flexible
tube, filled with the same cryoprotectant which is contained
in the cooling chamber (Tube B in Fig. 1). During experi-
mentation, the volume change of the cryoprotectant within
this flexible tube is negligible compared with the overall
volume change of the cooling chamber.

This experimental apparatus can only be used at the
upper part of the cryogenic temperature range, where the
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FIGURE 1. Schematic illustration of the experimental apparatus. The volume of the cooling chamber is 3 ml, and its inner diameter

is 9 mm.

cryoprotectant behaves like a relatively low viscous fluid.
Each cryoprotectant has a unique threshold below which the
current apparatus will not provide accurate measurements.
This threshold is either at the onset of crystallization, or at
temperatures below which the viscosity of the cryoprotec-
tant reaches values which are too high. Examples for this
threshold are given in the discussion section of the current
report.

The size of cooling chamber presented in Ref.?! was
reduced from 11.1 to 3ml, for the purpose of the current
study, in order to allow for the higher cooling rates neces-
sary for vitrification (i.e., glass formation). The modified
diameter of the cooling chamber is 9 mm, which is deemed
small enough to maintain close-to-uniform temperature dis-
tribution, while cooling at the relevant high cooling rates.

This diameter is large enough to work with tissue samples,
as described in the materials and methods section below.
Experimental verification of close-to-uniform temperature
distribution is discussed below (in the context of Fig. 3).
Another modification of the new chamber is to construct it
in two parts, joined by the “connector” illustrated in Fig. 1,
which is essentially a miniature flange. This connector is
added to allow for placing tissue samples in the chamber,
as described below. Finally, the modified cooling chamber
is fabricated from brass, unlike the original chamber, which
was copper.

The temperature control of the cooling chamber is
achieved by passive means. For cooling, the chamber is
placed in the thermal insulation shell and immersed in lig-
uid nitrogen (Fig. 1). The thickness of the thermal insulation
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shell dictates the cooling rate. Rewarming is achieved by
placing the cooling chamber with its insulation shell in
free air at room temperature. These rewarming rates were
found to be adequate for the purpose of the current study.
This passive control is consistent with passive control of
cryopreservation applications.

Thermal Expansion of Cryoprotectants

Data analysis of a typical experiment is performed as
follows. The cooling chamber temperature and the corre-
sponding air pressure are tabulated at 2 s intervals. For each
point in time, #;, the pressure difference is calculated:

AP, =P — P, (1)

where Py is the initial pressure (about 101 kPa). The rep-
resentative sample temperature at time ¢#; is the numerical
average of the temperature values measured at the center
of the cooling chamber and at the cooling chamber wall
(Fig. 1).

Next, the pressure difference AP; is converted into vol-
ume change AV; using a calibration curve. The calibration
curve was prepared by connecting a micro-syringe to the
pressure tube A, substituting the cooling chamber, and mea-
suring the pressure versus displacement relationship (see
Ref.?! for more detail). During experimentation, the mea-
sured value of AV; includes both the thermal expansion
of the cooling chamber and the thermal expansion of the
material contained in the cooling chamber, which includes
the cryoprotectant solution and the tissue samples. Data
analysis of a cryoprotectant with no tissue samples is de-
scribed first. In this case, the thermal strain of the material
contained in the cooling chamber is calculated by:

& — l(AVz + AVbrass,i)

3 Vo
where AV, i is the volume expansion of the brass cooling
chamber from an initial temperature T to temperature 7;,

and where V) is the initial volume of the cooling chamber.
The change in cooling chamber volume is calculated by:

2

T;
AVbrass,i = 3VO ,Bbrass dr (3)
To
where B 1S the thermal expansion coefficient of brass.
Next, the thermal strain data, Eq. (2), is represented
by a polynomial approximation, based on a least-square
approximation technique. Finally, the thermal expansion
coefficient of the tissue sample is calculated by:
aé

ﬁzﬁ 4

where ¢é is the polynomial approximation of the thermal
strain based on all the ¢; data.

While the thermal expansion coefficient, B, is an intrinsic
property, independent of the technique of measurement, the
thermal strain, ¢, is an integral property (the integral of the

thermal expansion coefficient with respect to temperature),
which is dependent on the initial conditions, or a reference
point. A variation of initial temperature in the range of
+2°C, and a variation of initial pressure in the range of
+1.4 Pa, are typical between consecutive experiments in the
experimental apparatus. In order to increase the statistical
significance of the approximation of é, data analysis is based
on n separate experiments in similar conditions. Since each
experiment starts with slightly different initial conditions,
the approximation of é; from a specific experiment j (j =
1,...,n) may need to be shifted in ¢ direction on the ¢ —
T plane, so that sets of results from different experiments
closely overlap. For this purpose, the approximation é (k =
j,Jj=1,...,n)is arbitrarily selected as a reference. Next,
an approximation of a second experiment is selected é;
(j#k, j=1,...,n), and all data points are shifted by
a constant value Aé; in order to minimize F;, which is
defined as:

F;= Z (e — (& — AépP ®)

This process is repeated for the entire set of experiments
(j#k, j=1,...,n), where each experiment requires a
different value of Aé;. Finally, a polynomial approximation
é is calculated based on all shifted experimental data from
all the n experiments combined.

Thermal Expansion of Tissue Samples

When tissue samples are immersed in the cryoprotectant,
the thermal strain of the material contained in the cooling
chamber is:

o — l(AVCPA + AVtissue)
3 Vo

where x is the ratio of the overall tissue samples volume to

the cooling chamber volume, and ecpa is the thermal strain

of the cryoprotectant in the absence of biological samples.
It follows that:

= (1 — x)ecpa + X&issue  (6)

g — (1 —x)e
Etissue = lfm (7)

It is emphasized that the thermal strain (or expansion) of
the cryoprotectant is measured first, in the absence of tissue
sample, following the analysis presented by Egs. (1)—(5),
and only then is the thermal expansion of tissues measured,
as presented by Eq. (7).

MATERIALS AND METHODS

All experiments were performed at the Biothermal Tech-
nology Laboratory of the Department of Mechanical Engi-
neering at Carnegie Mellon University. Tissue sample ex-
periments were carried out in accordance with the approval
of the Institutional Animal Care and Use Committee of
Carnegie Mellon University.
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The current study includes thermal expansion measure-
ments of bovine muscle samples and goat artery sam-
ples, permeated with the cryoprotectant 7.05M DMSO,
and permeated with the cryoprotectant cocktails DP6 and
VS55. DP6 is a cocktail of 234.4 g/l DMSO (3 M), 228.3 g/
propylene glycol (3 M), and 2.4 g/l HEPES in EuroCollins
solution.VS55 is a cocktail of 242.14 g/l DMSO (3.1 M),
168.38 g/l propylene glycol (2.2 M), 139.56 g/l formamide
(3.1 M), and 2.4 g/l HEPES in EuroCollins solution. The
two cocktails are similar, excepting the exclusion of for-
mamide from DP6. In return, the DP6 contains a higher
concentration of propylene glycol. DMSO is one of the
most commonly studied cryoprotectants, which is also an
ingredient in both cocktails. 7.05M DMSO solution con-
tains the same overall mass of solutes as in the cocktail of
VS55, where 7.05 M DMSO and VS55 were found to have
similar thermal expansion in previous studies,'® but 7.05 M
DMSO has a much higher tendency to vitrify in comparable
cooling rates.

The mixtures of DP6 and VS55 were prepared by Or-
gan Recovery Systems, Inc. The 7.05M DMSO solution
was prepared at the Biothermal Technology Laboratory at
Carnegie Mellon University, in 100 ml quantities. In prepar-
ing the solution, the solvent is added first. Next, 20 ml (or
20% of the total volume) of EuroCollins is added. Finally,
distilled water is added until the desired volume of 100 ml
is achieved. The water used to make the cryoprotectant
solutions was cooled (frozen) once, to the liquid nitrogen
boiling temperature of —196°C, before the solutions were
prepared. This precooling was performed to remove dis-
solved gasses from the water, as discussed in the Results
and Discussion section below.

Bovine muscle samples and goat artery samples were
prepared from fresh tissues donated by a local slaughter-
house (no animals were sacrificed specifically for the pur-
pose of the current study). Goat arteries were obtained from
the neck area (carotid artery), while muscle specimens were
mostly obtained from the lower back area of the animal.
The donated tissues were immediately cut into small seg-
ments, with typical dimensions of 2mm x 2mm x 2 mm
for bovine muscle segments, and typical dimensions of
I mm x 2mm x 2 mm for goat artery segments (the thick-
ness of the artery wall obtained was about 1 mm). Next,
tissue samples were immersed in the various cryoprotectant
solutions for permeation periods ranging between 4 to 48 h,
while the samples were kept refrigerated at 4°C. Finally,
tissue samples were placed in the cooling chamber, and
thermal strain measurements were carried out. The num-
bers of experiments for each tissue type and cryoprotectant
solution are listed in Table 1.

At the end of the experiments, the tissue samples and
the cryoprotectant were removed from the cooling cham-
ber. The tissue samples were further separated from the
remaining cryoprotectant, and the overall weight of the tis-
sue samples was measured. The ratio of the overall volume

of the tissue samples to the volume of the cooling chamber,
X, was approximated as the ratio of the tissue sample weight
to the total weight of cryoprotectant and tissue samples.

RESULTS AND DISCUSSION

Figure 2 presents experimental results of the pressure
measured in the cooling chamber as a function of tempera-
ture for three typical cases. In the relevant pressure range,
the change in pressure is almost linearly dependent on the
change in volume of the sample, through the calibration
curve relationship described above and presented in detail
in Ref.?! It follows that the strain is almost linearly depen-
dent on the pressure. The lower curve in Fig. 2(a) presents
a super-cooling process of 7.05 M DMSO in the absence of
tissue samples, where the pressure (proportional to the ther-
mal strain) changes monotonically, as is to be expected from
a fluid. The term “super-cooling” is used to describe mate-
rial in the liquid state below its phase transition temperature
range; “phase transition temperature range” describes the
temperature range in which solutions and mixture undergo
crystallization or melting at close-to-equilibrium thermal
conditions. If the material is super-cooled to temperatures
low enough, the likelihood of crystallization vanishes as a
result of the dramatic elevation of viscosity with the de-
crease in temperature. The temperature below which the
super-cooled material is considered to have an extremely
high value of viscosity (typically, 10'® poise), is known
as the “glass transition temperature.” In the continuum
mechanics sense, the vitrified material is considered solid
below the glass transition temperature.

For consistency, the same letters are used for annota-
tion on all curves: the letter A represents the beginning of
cooling; B represents the lower temperature above which
the material behaves like a fluid in the particular experiment
(the lowest temperature of super-cooling); and C represents
the lower temperature achieved in the particular experiment.
In the experiment presented in Fig. 2(a), 7.05SM DMSO be-
haves like a liquid down to about —100°C. Note that the
upper boundary of the phase transition temperature range
for 7.05M DMSO is about —40°C, while its glass transi-
tion temperature is about —130°C.'® The glass transition
temperatures for DP6 and VS55 are —119°C and —123°C,
respectively.?* The cooling stage was terminated at around
—100°C due to the extremely high viscosity of the cry-
oprotectant, which is directly related to the extremely low
likelihood of crystal formation below this temperature.

Segment A—B of the upper curve in Fig. 2(a) presents
a super-cooling process of muscle samples permeated with
7.05M DMSO. Note that this experiment started at about
1.4kPa higher pressure than the experiment discussed
above. At point B, the material contained in the cooling
chamber starts to expand, which deviates from the expected
volume change in a super-cooled liquid. No additional vol-
ume change is measured below —85°C for this particular
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FIGURE 2. Experimental results of pressure as a function of temperature for three typical cases: (a) super-cooling of 7.05 M DMSO
in the absence of biological samples (lower curve), devitrification of 7.05 M DMSO containing bovine muscle samples (upper curve),
and (b) crystallization and melting of DP6 containing bovine muscle samples.

experiment, where—due to its high viscosity, and possibly to pand at point D, which represents additional crystal growth
the presence of partial crystallization—the material cannot (recrystallization) or crystal formation (devitrification) in
flow in the cooling chamber, in the typical time scale of the a super-cooled liquid, up to point E, which is the upper

experiment. During rewarming, the material starts to ex- boundary of phase transition of 7.05 M DMSO. Above point
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E, the material regains its fluid behavior, and the pressure-
versus-temperature curve follows the initial cooling curve
(segment A—B), but in the opposite direction.

Figure 2(b) presents a pressure-versus-temperature
curve of a crystallization process of bovine muscle sam-
ples permeated with DP6. In Fig. 2(b), the material ceases
to behave like a liquid below point B, where a very dra-
matic expansion upon freezing is observed in segment B—
C. Segment D-E represents melting of the solution, where
complete melting of DP6 is observed above —22°C. The
temperature difference between point E and B during cool-
ing represents the degree of super-cooling in this process.
All thermal strain data reported in the current study are
based on the cooling phase of each experiment, represented
by segment A—B.

It is noted that the water component of the solution
expands by about 9% upon freezing. Since it is well es-
tablished that mammalian cells can tolerate up to 30%
shrinkage during cryoprotectant addition and subsequent
dehydration, it could be argued that the volume contrac-
tion of the cryoprotectant in its liquid state is insignificant
compared to the volume change that the cell can tolerate.
However, the rationale in this study is to model the thermal
contraction of the tissue permeated with a cryoprotectant
solution as a whole, for the purpose of continuum mechan-
ical analysis, and not for the purpose of cell contraction
tolerance in a fluid environment.

Figure 3(a) presents typical thermal histories of the cool-
ing chamber for two of the experiments shown in Fig. 2,
where Ty is the temperature at the cooling chamber wall,
and Tj, is the temperature at the center of the cooling
chamber. Figure 3(b) presents the temperature difference
between the center of the chamber and the chamber wall,
for the same experiments. It can be seen that this temper-
ature difference is smaller than 3°C, when crystallization
is not involved in the process. This temperature difference
may be more significant when crystallization is involved,
due to the fact that phase transition occurs in a specific
temperature range, which requires a significant change in
internal energy. Hence, a significant temperature gradient
is expected to develop between the cooled wall and the
inwards propagating freezing front. Note that this study
focuses on vitrification processes, were crystal formation is
suppressed.

It can further be seen from Fig. 3 that 7.05 M DMSO has
a higher tendency to super-cool than DP6, when both are
cooled under similar cooling conditions, in which the cool-
ing rate gradually increases to 4°C/min at the onset of DP6
crystallization. Note that the viscosity of the cryoprotectant
increases exponentially with the decrease in temperature,
which explains why the cooling rate can decrease with
temperature without triggering crystallization.

The first phase of experiments in the current study in-
cluded thermal strain measurements of cryoprotectants in
the absence of tissue samples, as presented in Fig. 4 for:

(a) 7.05M DMSO, (b) DP6, and (c) VS55. In Fig. 4, the
symbols represent separate experimental runs, and the solid
lines represent the best-fit polynomial approximation based
on all experimental data for a specific cryoprotectant. The
best-fit coefficients are listed in Table 1. In general, it can
be seen that high repeatability is obtained for any of the
solutions in which data on VS55 are somewhat more scat-
tered than data on DP6, and the latter are somewhat more
scattered than data on 7.05M DMSO. This observation is
also supported by the coefficient of determination values,
RZ, listed in Table 1.

Comparing the current results with results obtained in
our previous study'® reveals that the maximum strain dif-
ference over the entire corresponding temperature range
is 2.8%, 1.3%, and 9.4%, for 7.05M DMSO, DP6, and
VS55, respectively. Similarly, the maximum thermal ex-
pansion difference anywhere within corresponding temper-
ature range is 3.7%, 3.3%, and 9.3%, for 7.05M DMSO,
DP6, and VS55, respectively. Note that the thermal strain,
which is the accumulated effect (i.e., the integral) of thermal
expansion, is the parameter taken into account in terms of
continuum mechanics analysis. While the disagreement in
thermal strain measurements for 7.05 M DMSO and DP6
is within the predicted uncertainty of the system,’! the dis-
agreement for VS55 exceeds the uncertainty in measure-
ments by a factor of 3 (the uncertainty in the experimental
system is estimated to be about 3%?"). Given the high re-
peatability shown for VS55 in the current study, Fig. 4(c),
it is concluded that this disagreement is not attributed to the
measurement technique or to the experimental apparatus.
It is assumed that the above difference is attributed to the
specific solution under investigation. The solutions for the
current study are from different batches than the solutions
used in the previous study.

Figure 5 presents thermal strain measurements of artery
samples permeated for 48h with: (a) 7.05M DMSO,
(b) DP6, and (c) VS55. The symbols represent separate
experimental runs, the dashed lines represent the best-fit
polynomial approximation of all experimental data for a
given cryoprotectant in the presence of tissue samples, and
the solid lines represent thermal strain of the cryoprotectant
in the absence of biological samples. A permeation time pe-
riod of 48 h is deemed adequate for the small artery samples
used in this study,'® where the effect of varying permeation
time periods is addressed below.

No indication of crystallization can be observed in
Fig. 5(a), when 7.05M DMSO is cooled down to —95°C.
The thermal strain of arteries permeated with 7.05 M
DMSO is about 75% of that of a pure 7.05M DMSO solu-
tion at —95°C. Thermal strain data on artery samples per-
meated with DP6 is available only down to about —40°C,
Fig. 5(b), which was found to be the onset of crystalliza-
tion at the presence of tissue samples. In the absence of
tissue samples, thermal strain of DP6 could be measured
down to about —70°C, Fig. 4(b). Therefore, it is concluded
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that the tissue samples promote crystallization, potentially
serving as nucleation sites. It is evident that the cooling
rate obtained in these experiments does not permit tissue
vitrification when permeated with DP6.

Thermal strain data on artery samples permeated with
VS55 show significantly higher scattering than data on sam-
ples permeated with the other two cryoprotectants, Fig. 5(c).
Comparable observations were made from data on bovine
muscles experiments. This scattering may be an inherent ef-
fect of biological tissues permeated with the cocktail VS55,
but can also be attributed to reasons for which the difference

in thermal strain between the current study and the previ-
ous study'® is significant, as discussed above with regard
to Fig. 4. The implication of this scattering in continuum
mechanics analysis of cryopreserved tissues may be that,
even if the tissue is cooled at close-to-uniform thermal con-
ditions, mechanical stress may develop due to nonuniform
thermal strain distribution. This effect, as well as other
continuum mechanics effects during tissue vitrification, is
the subject matter of parallel efforts by this research group.

Figure 6 presents thermal strain measurements of bovine
muscle samples permeated with 7.05 M DMSO: (a) subject
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listed in Table 1.
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to various permeation periods, and (b) after 24 h of per-
meation. In general, results obtained from bovine muscle
samples show higher scattering than comparable results
obtained from goat artery samples. This effect is likely to
be associated with the inhomogeneous nature of the muscle
tissue in the small scale, related to muscle fibers, connec-
tive tissue, etc. Figure 6(b) presents the agreement of all
bovine muscle experiments for 24 h of permeation. It can
be seen that for permeation periods of 12h or longer, the
strain difference between single runs of different perme-
ation time, Fig. 6(a), is of the same magnitude as of the
difference between single runs of the permeation period
of 24h, Fig. 6(b). This observation coincides with ob-
servations made in a previous study on rabbit muscles.'’
Comparable results were obtained for DP6 and VS55 (not
shown in Fig. 6). For the purpose of the current study, most
of the data were collected after 24—48h of permeation,
where the difference between 24 and 48 h of permeation
can be seen in Fig. 7(b) for 7.05 M DMSO, DP6, and VS55.
Note that the muscle specimens are about twice the size of
the blood vessel specimens (2mm X 2mm X 2 mm versus
I mm x 2mm x 2 mm, respectively), and that permeation
time is proportional to the specimen’s smallest dimension.
It follows that the minimum time required for permeation
in bovine muscle specimens is longer than the minimum
time required for permeation in blood vessel specimens,
and that the minimum permeation time of 12 h identified
for bovine muscle, is definitely adequate for both tissue
types.

Figure 7 presents a summary of thermal strain measure-
ments for (a) goat artery samples after 48 h of permeation,
and (b) bovine muscle samples after 24 and 48 h of perme-
ation. It can be seen from Fig. 7(a) that the magnitude of
the thermal strain of 7.05M DMSO and DP6, in the absence
of biological material, is the higher limit (with a negative
sign, due to contraction) to thermal expansion of tissue
samples permeated with cryoprotectants. It can further be
seen that tissue samples permeated with VS55 show some-
what larger thermal strain at some part of the experimented
temperature range. We could not explain this observation,
however, given the relatively high data scattering on VS55,
the significance of this observation is not clear. Comparable
results from bovine muscle samples are shown in Fig. 7(b).
For consistency, Fig. 7(b) presents results for 24 h and 48 h
of permeation, separately.

An interesting phenomenon, first observed in our pre-
vious study,® is associated with naturally dissolved gasses
in water. Frequently, the thermal strain in the liquid state
during rewarming appeared similar to the thermal strain
during cooling, but with a constant shift. The dissolved
gases (mostly O;), do not change the volume of a water
sample, and do not affect its thermal expansion in the liquid
state. During freezing however, water molecules rearrange
in a rigid structures to form crystals, while “pushing away”

the dissolved gas molecules. These gas molecules form
small bubbles, which can be easily observed (by the naked
eye) in ice cubes. During rewarming, most of the dissolved
gases that escaped the liquid during solidification do not
return into the liquid, but rather remain in the form of micro-
bubbles. Although the overall volume of these bubbles
is insignificant compared to the volume of the cooling
chamber, the measured parameter here is the change in
volume, and not the volume itself. The overall volume of
these micro-bubbles is comparable in magnitude to the
volume expansion of the cryoprotectant. The constant shift
in thermal strain was found in the first cooling/rewarming
cycle on a given sample. If the experimentation on the
same sample was repeated, this shift in thermal strain
disappeared. In order to eliminate the micro-bubble effect in
the current study, an extra stage in solution preparation was
added, which is freezing the water in liquid nitrogen and
rewarming it before the cryoprotectant solutions were pre-
pared. This additional stage eliminated the shift in thermal
strain, and increased experimental repeatability. Either way,
since the thermophysical property of thermal expansion is
the gradient of the thermal strain, and not the thermal strain
itself, a strain offset between cooling and rewarming bears
no effect on thermal expansion calculations. Although
the effect of the presence of micro-bubbles on thermome-
chanical stress development may be questionable (which
deserves further attention), the same effect on the viability
of the biological material after rewarming remains unex-
plored. Hence, it is deemed good practice to prefreeze all
cryoprotectant solutions before permeation into biological
materials.

SUMMARY AND CONCLUSIONS

As part of an ongoing effort to characterize the effects
of continuum mechanics during cryopreservation, the cur-
rent study focuses on measuring the thermal expansion
of cryoprotective agents, in the presence and absence of
biological samples of bovine muscles and goat arteries.
The cryoprotectants under investigation are 7.05 M DMSO,
DP6, and VS55, with permeation time of up to 48 h. This
study focuses on the upper part of the cryogenic tempera-
ture range, where the cryoprotectant behaves like a liquid
in the relevant cooling rates. Parallel efforts are currently
being devoted to measuring thermal expansion during glass
transition in biomaterials. Together, these efforts cover the
entire relevant cryogenic temperature range to cryopreser-
vation via vitrification.

The device used in this study is a modification of
a prototype presented recently, where modifications
are related to biological materials handling. High
repeatability in strain measurements was obtained for
cryoprotectants in the absence of biological samples
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and VS55. Best-fit coefficients are listed in Table 1.

after cryoprotectant prefreezing. Somewhat higher
scattering of experimental data was observed in the
presence of tissue samples permeated with the same
cryoprotectant.

Based on thermal strain observations, it is concluded that
the presence of tissue samples promotes crystallization (the
tissue samples serve as potential nucleation sites). For a

given cryoprotectant in comparable thermal conditions, ex-
periments on bovine muscle samples show higher scattered
data than experiments on artery samples. The implication
of this observation in continuum mechanics analyses of
cryopreserved tissues is that, even if the tissue is cooled
at close-to-uniform thermal conditions, mechanical stress
may develop due to nonuniform thermal strain distribution.



Thermal Expansion of Blood Vessels and Muscle Specimens 1227

This effect, as well as other continuum mechanics effects
during tissue vitrification, is the subject of continuous effort
by this research group.

It is shown in this study that the thermal strain of 7.05 M
DMSO and DP6 in the absence of tissue samples is the
upper limit, when compared with the thermal strain of
artery samples permeated with the same cryoprotectants.
The thermal strain of artery samples permeated with 7.05 M
DMSO and DP6 is about 75% of the strain of the pure
cryoprotectants, when compared at —95 and —40°C, re-
spectively. Results from VS55 show the opposite trend
at some part of the cryogenic temperature range, how-
ever, it is not evident that this difference is significant,
primarily due to scattering of experimental data. Compa-
rable results with muscle samples are demonstrated for
DP6 only, where data are more scattered for bovine muscle
samples than for artery samples permeated with the same
cryoprotectant.

In order to eliminate the volume change effect associated
with the naturally dissolved gasses in the cryoprotectant so-
lution, it is recommended that the solution be prefrozen at
least once before introducing it to the biological material.
While the role of the dissolved gases in thermomechanical
stress development is not yet clear, it may carry an addi-
tional damaging effect on the integrity and viability of the
biological material.
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